WATER is the most abundant molecule of the body, around 60% by weight. Volume and composition of cellular water, also known as internal milieu, are critical factors that affect cellular function because cellular water is the medium in which the majority of biochemical reactions take place. How cells adapt to hypertonic environment is an important subject that has been studied for a long time. The immediate consequence of exposure to a hypertonic environment is loss of cellular water due to osmosis. The loss of water results in two profound changes in the intracellular milieu: reduced volume and increased ionic strength. Macromolecular crowding (7) due to reduced cell volume and elevated ionic strength (9) have been considered to be the central elements of "hypertonic stress" because they are believed to perturb protein function based on observations made in test tubes and theoretical considerations. In a stunning revelation, a recent report (1) provides direct support for this old idea plus unexpected new insights.
WATER is the most abundant molecule of the body, around 60% by weight. Volume and composition of cellular water, also known as internal milieu, are critical factors that affect cellular function because cellular water is the medium in which the majority of biochemical reactions take place. How cells adapt to hypertonic environment is an important subject that has been studied for a long time. The immediate consequence of exposure to a hypertonic environment is loss of cellular water due to osmosis. The loss of water results in two profound changes in the intracellular milieu: reduced volume and increased ionic strength. Macromolecular crowding (7) due to reduced cell volume and elevated ionic strength (9) have been considered to be the central elements of "hypertonic stress" because they are believed to perturb protein function based on observations made in test tubes and theoretical considerations. In a stunning revelation, a recent report (1) provides direct support for this old idea plus unexpected new insights.
Upon exposure to extreme hypertonic environment, animals or cells die in a dose-dependent manner. The threshold is a little over 400 mM NaCl for the nematode Caenorhabditis elegans (1) and ϳ700 mosmol/kg for cultured mammalian cells (6) . Both apoptosis and necrosis have been shown in the hypertonicity-induced cell death (2, 6). Choe and Strange (1) present an elegant and comprehensive body of work which demonstrates that indeed protein misfolding and protein aggregates are central features of hypertonic stress in C. elegans. The investigators performed genome-wide screen in C. elegans to find those genes of which their expression was required for survival under hypertonic conditions. The expression of 19,000 genes was individually knocked down using RNA interference followed by exposure to a hypertonic condition in which control animals display better than 90% survival. A total of 49 genes were found to significantly reduce survival when knocked down with the RNA interference. The investigators infer that these 49 genes are required for survival in hypertonicity. They are named Hos (hypertonic sensitive). Nearly half of the Hos genes (22 of 49) are predicted to function in removal of damaged proteins as they are either critical components of lysosomes and proteasomes, two organelles that degrade damaged proteins, or proteins that sort and deliver substrates to the organelles. Using model polyglutamine substrates in vivo, the investigators directly showed that hypertonicity induced protein aggregation in a manner dependent on reduced volume and elevated ionic strength. There was an excellent correlation between protein aggregation and reduced cell survival when expression of Hos genes were individually knocked down providing undisputable support that survival under hypertonicity required the ability of remove damaged proteins. In addition, hypertonicity caused a global increase in ubiquitination of cellular proteins. These results demonstrate that protein aggregates are produced under hypertonic conditions, and their removal by lysosomes and proteasomes is critical for survival.
Much effort has been directed to understanding how animals and cells adapt to hypertonicity. Most animals and cells are Fig. 1 . Nature of hypertonic stress and adaptive cellular response in Caenorhabditis elegans. Cell shrinkage due to osmosis causes protein misfolding and accumulation of protein aggregates leading to cell death. Glycerol 3-phosphate dehydrogenase (GPDH), a ratelimiting enzyme in glycerol biosynthesis, is induced by hypertonicity leading to cellular accumulation of glycerol and restoration of cell volume and ionic strength. Two prominent questions raised are shown: whether the protein misfolding and aggregation are the signal for the induction of GPDH, and whether protein quality control pathway is induced in response to hypertonicity. capable of adapting to extreme hypertonicity if hypertonicity is increased gradually over a sufficient period of time. The time is required for induction of adaptive mechanisms. The best characterized adaptive mechanism is the cellular accumulation of organic osmolytes. Both in C. elegans and mammals, hypertonicity induced gene expression is critical for the organic osmolyte accumulation. In C. elegans, the key event is induction of the GPDH gene that encodes glycerol 3-phosphate dehydrogenase, the rate-limiting enzyme in the biosynthesis of glycerol, which is the major organic osmolyte in the animal (4). In mammalian renal medulla, stimulation of the transcription factor TonEBP (tonicity-responsive enhancer binding protein) in response to local hypertonicity leads to induction of those genes encoding plasma membrane transporters for organic osmolytes (sodium-inositol cotransporter, sodium-chloride-betaine cotransporter, and sodium-chloride-taurine cotransporter) and rate-limiting biosynthetic enzymes (aldose reductase for sorbitol and neuropathy target esterase for glycerophosphocholine) (see Ref.
3 for a recent review). Because of inherent low membrane permeability, the organic osmolytes are trapped inside the cell promoting osmosis to regain volume and restoration of ionic strength. As such, cellular accumulation of organic osmolytes directly neutralizes the sources of stress. Indeed, when the nematodes were pretreated for a couple of days in mild hypertonicity of 200 mM, the animals became dramatically resistant to protein aggregation (1) and death (4) in response to subsequent extreme hypertonicity.
Whereas the report provides a satisfying cell biological and biophysical support for an old concept of protein damage by hypertonicity, it raises new questions as any good scientific discovery does. Previously studies by the same lab suggested that disturbances in protein homeostasis triggered by interference in protein synthesis, folding, or degradation signal to the induction of the GPDH gene (5) . Does this mean that protein misfolding and/or protein aggregation is the signal for the induction of GPDH in response to hypertonicity? Another intriguing question was discussed in the paper: are the protein quality control pathways regulated by hypertonicity? If so, this should add to the adaptive process (see Fig. 1 ). The use of polyglutamine substrates is notable in that these are model substrates for the polyglutamine neurodegenerative diseases that develop in aging (8) . Are the same cellular pathways involved in protein damage induced by both aging and hypertonicity? What are signals and pathways responsible for cell death in response to accumulation of damaged proteins? This question is actively pursed in the field of neurodegenerative diseases such as Huntington's disease and amyotrophic lateral sclerosis. Thus it is not far-fetched to expect that cellular response to hypertonicity share the same pathways with ageinduced neurodegenerative diseases.
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